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Abstract
The effect of elevated [CO2I on the productivity of spring wheat, winter wheat and faba
bean was studied in experiments in climatized crop enclosures in the Wageningen
Rhizolab in 1991-93. Simulation models for crop growth were used to explore possible
causes for the observed differences in the CO2 response. Measurements of the canopy
gas exchange {CO2 and water vapour) were made continuously from emergence until
harvest. At an external [CO2] of 700 \imo\ mol-\ Maximum Canopy COj Exchange Rate
(CCERmax) at canopy closure was stimulated by 51% for spring wheat and by 71% for
faba bean. At the end of the growing season, above ground biomass increase at 700 |imol
mol"^ was 58% (faba bean), 35% (spring wheat) and 19% (winter wheat) and the harvest
index did not change. For model exploration, weather data sets for the period 1975-88
and 1991-93 were used, assuming adequate water supply and [CO2I at 350 and 700 ^lmol
mol''. For spring wheat the simulated responses (35-50%) were at the upper end of the
experimental results. In agreement with experiments, simulations showed smaller
responses for winter wheat and larger responses for faba bean. Further model explorations
showed that this differential effect in the COj response may not be primarily due to
fundamental physiological differences between the crops, but may be at least partly
due to differences in the daily air temperatures during comparable stages of growth of
these crops. Simulations also showed that variations between years in COj response can
be largely explained by differences in weather conditions (especially temperature)
between growing seasons.
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Introduction
The steady increase of the CO2 concentration in the
atmosphere and the associated projected rise of temper-
ature may affect the functioning of ecosystems in future.
Various plant physiological processes are affected by
climatic change. CO2 increase stimulates photosynthesis
and affects stomatal conductance (Lemon 1983; Cure &
Acock 1986) and water use efficiency (Gifford 1979;
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Sionit et al. 1980). Temperature rise may increase the
developmental rate of plants, resulting in an adverse
effect on the duration of their growth.
However, field conditions are variable in time and
space, interactions with other environmental factors
occur, species can differ in their response to CO2 concen-
tration (Sage et ai. 1989) and strong year-to-year variations
in weather are found. This makes field studies at the
integration level of a vegetation essential (Grulke et al.
1990; Drake & Leadly 1991) but also difficult to interpret.
A less complicated ecosystem is the agricultural crop
ecosystem, often consisting of dense, mono-specific,
genetically and phenotypically uniform canopies, grown
under well-defined and relatively easy-to-manipulate
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conditions. Moreover, dynamic crop growth models (con-
structed from causal relations between plant physiology,
envirorunent and crop growth) can be used to assess the
interaction of weather conditions with the CO2 concentra-
tion and climate change.
Simulation studies have been carried out for several
scenarios of climatic change for different crops including
cereals and legumes (Wolf 1993; Grashoff et al. 1994;
Nonhebel 1993a; Adams et al. 1990; Jansen 1990). The
explorations showed that the positive effect of an increase
of [CO2] on photosynthesis often compensates for the
negative effect of temperature rise on crop longevity.
However, the large positive effect of [CO2] increase on
crop growth assessed with model studies is a subject of
discussion, it is argued that the models were constructed
and validated based on the short term effects of [CO2]
increase. These were measured in greenhouses and cli-
mate chambers and often on individual plants (Kimball
1983). Negative feed-back mechanisms, such as thicker
leaves resulting in slower canopy closure, or leaves
with decreasing photosynthetic rates after a prolonged
exposure to high [CO2], may reduce the positive effect
(Wong 1979; Rowland-Bam ford et ai 1991). And last but
not least: do models adequately account for the observed
differences in CO2 response between species and/or
crop types?
A validation of model explorations with long-term
experiments in the Held was needed. In this study we
investigate if former model explorations of the CO2
response of spring wheat and faba bean (Nonhebel
1993a; Grashoff et al. 1994) agree with the CO2 response
measured in recent crop-enclosure experiments during
complete seasons in the new Wageningen Rhizolab, a
facility with daylit crop enclosures in a field setting
(Van de Geijn et ai 1993, 1994), where radiation and
temperature are similar to the field situation. Moreover,
modelers often claim that their models can help to
distinguish promising hypotheses for new experimental
work, thus contributing to an efficient use of resources
(Rabbinge et ai 1988; Penning de Vries et ai 1989).
We investigate if there are differences in CO2 response
between the crops in our experiments and, if yes, how
models might help to explain these differences. This
paper deals with CO2 effects on biomass and yield and
focuses on the crops faba bean and spring wheat. More
detailed analyses such as on water use efficiency and
respiration, and a further extension of the research
towards winter wheat are being processed.
Materials and methods
Experiments and feasibilit)/ studies
The experiments were conducted in the Wageningen
Rhizolab, a joint research facility of the AB-DLO and the
Wageningen Agricultural University (described in detail
by Van de Geijn et ai 1993, 1994; Smit et ai 1994). Crops
were grown in duplicate at two CO2 concentrations,
ambient (350 nmol mol"') and elevated (750 jimol mol*"'),
under normal agricultural practice from sowing until
harvest in air-conditioned sunlit crop enclosures. The
crop enclosures were surrounded by border plants.
Spring wheat {Triticum aestivum L.) cv Minaret was
used in 1991; it was sown on 4 April on a sandy soil
with 4.1% organic matter and a pH KCl of 5.4, emerged
on 12 April and was harvested on 26 August 1991. An
inbred line of faba bean {Vicia faba L.) cv Minica was
used in 1992. This inbred line was selected for high pod
retention without insect-pollination. Faba bean was sown
on 3 April on the same soil type as in 1991, emerged on
25 April and was harvested on 7 September 1992. Winter
wheat (Triticurti aestivum L.) cv Ritmo was used in 1992/
1993. It was sown on 19 November 1992 on a loamy clay
soil with 4.7% organic matter and a pH KCl of 7.0,
emerged 1 December 1992 and was harvested on 9 August
1993. Plants received adequate amounts of water and
nutrients, with the exception of faba bean plants, which
did not receive nitrogen fertilizer, but were inoculated
with a compatible Rhizobium strain.
The crop enclosures (1.25 x 1.25 m) were made of
5 mm thick polycarbonate, and could be adjusted in
height up to 2 m or more with parts of 50 cm each, to
accommodate plants up to harvest. The system was
operated essentially as an open system. Exchange rates
of air in each above-ground compartment were typically
50 m3 per hour, with a recirculation rate of about 800 m3
per hour. Temperature was controlled by air-conditioners,
separately for each compartment. Air temperature in the
enclosures followed outside temperature, as registered
by the weather system linked to the Wageningen Rhizolab
(within 0.5 "C). CO2 concentration of the ingoing and
chamber air, and air flow rates were monitored every 10
and 20 min, respectively. Using these measurements,
[CO2] of the chambers was adjusted by computer con-
trolled valves, and carbon dioxide exchange was calcu-
lated. Part of the air was forced into the soil by a slight
over-pressure and recovered in an air-drain, placed in
the soil at 15 cm depth. This prevented air from the soil
compartment entering the canopy compartment. Light
flux was measured in the weather station.
The complete dataset was converted into hourly means.
In this paper, data of CCER (Canopy CO2 Exchange Rate)
values at maximum light flux were used for each day.
At the end of each growing season, total above ground
biomass and seed yield were measured in each enclosure.
In 1991, root proliferation occurred at 70 cm depth. This
was associated with the presence of root-knot nematodes
{Meloidogyne naasi) at this depth.
In the simulations, growth and production of spring
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wheat and faba bean were calculated for the present CO2
concentratior\ of 350 (imol mol"' and for a concentration
of 700 iimol mol"', assuming optimum water and nutrient
supply. The mode! studies were carried out for 14 seasons,
with daily solar radiation and temperature data from
Wageningen during 1975-88 as input. Additional simula-
tions were conducted using weather data of 1991 and
1992 (for spring wheat and faba bean) and 1993 (for
winter wheat). Input for the simulation models were
daily measurements of solar radiation and maximum and
minimum temperature data of Wageningen (Meteostation
Haarweg of the Agricultural University of Wageningen)
during 1975-88 and 1991-93. Additional input values,
only used at the beginning of each simulation, were
sowing date (in the spring wheat model), 1 January (as
theoretical start of growth recovery of winter wheat) or
emergence date (faba bean model) and values of crop
dry matter and leaf area index at emergence.
Model description and validation
The models for spring wheat and faba bean were both
derived from the general crop growth simulator SUCROS-
87 (Spitters et ai 1989; Penning de Vries et ai 1989). The
specific parameters and functions for spring wheat were
mainly based on the spring wheat model of Van Keulen
& Seligman (1987). The characteristics of faba bean were
derived from experiments with faba bean in the
Netherlands (Grashoff 1990a,b). In previous publications
(see below), both models were extensively validated for
field conditions with normal [CO2I. The validity of the
model for spring wheat was tested by comparing data
from experimental farms in Emmercompascuum and
Wieringermeer (Nonhebel 1993a). Model explorations for
winter wheat were not carried out with a validated winter
wheat model, but were done by an extension of the
spring wheat model; details will be presented in the
section Results. The faba bean model FABEAN was
validated in a comparison with results of field experi-
ments for 14 years at Wageningen, the Netherlands, and
for 2 years at 9 locatior\s of the so-called 'EC-Joint
Faba Bean Trials' in Denmark, France, Germany, the
Netherlands, United Kingdom and Austria (Grashoff &
Stokkers 1992).
Both the spring wheat model and FABEAN were
recently used to explore the effects of increased [CO2] on
crop production (Nonhebel 1993a; Grashoff et ai 1994)
and this paper provides the first comparisons of these
model explorations with semi-field experiments under
increased [CO2]. Therefore, in the following model
description emphasis is put on the way in which [CO2]
and temperature effects on photosynthesis and crop
production were incorporated in the models.
Gross photosynthesis of a crop is calculated based on
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Fig. 1 The photosynthesis/light response curve for individual
leaves with a CO2 concentration of 350 \imoi moH and with a
concentration of 7(XJ ^mol mor'. EFF = initial light use efficiency;
AMAX = maximum photosynthetic rate; L, M, T = maximum
radiation levels at a clear day for leaves placed at a low level in
the canopy (L); leaves in the middle (M); leaves at the top of
the canopy (T).
the photosynthesis/light response curve of individual
leaves, characterized by the initial light use efficiency
(EFF) and the maximum rate of leaf gross photosynthesis
(AMAX) (Fig. 1). Both values are affected by average
daytime temperature and by the CO2 concentration. In
both crop models, the absolute value of AMAX increases
proportionally with average daytime temperature in the
range from 0 to 10 °C and decreases proportionally with
daytime temperature in the range from 25 to 35 "C. The
absolute value of EFF is hardly affected by daytime
temperature. In senescing crops, AMAX decreases with
increasing crop developmental stage.
According to Goudriaan et ai (1985) and Goudriaan &
Unsworth (1990), the value of AMAX is almost propor-
tional to [CO2] but the value of EFF is less sensitive. In
FABEAN, these two relations are included in a very
simple way: a doubling of [CO2I results in a stimulation
of EFF by 23% and AMAX by 123%, over the whole
temperature range. This means that no interaction between
temperature and ICO2] is modelled. In the spring wheat
model, a more complex calculation is used which results
in a small temperature-[CO2] interaction: at an average
daytime temperature of 10 °C, a doubling of [CO;] results
in an increase of EFF by 6% and AMAX by 105%. At an
average daytime temperature of 20 °C, values are 15%
, and 111% and at 30 "C 25% and 125%, respectively
(Nonhebel 1995). Many authors state that this strong
response of AMAX may be an oversimplification; an
AMAX increase of 70% may be the theoretical maximum
(e.g. Farquhar et ai 1980; Goudriaan & Unsworth 1990).
However, this does not change the essence of the follow-
ing paragraph.
Figure 1 shows the modelled result of doubled [CO2]
on the photosynthesis/light response curve (at a fixed
temperature) of single leaves. In a canopy, however, the
top leaves are shading the lower ones. In the middle of420 C. GRASHOFF et ai
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Fig. 2 The theoretical course of photosynthesis of three levels
in a closed canopy on a clear day under CO2 concentrations of
350 ^mol mol"^ {—) and 700 ^lmol mol"' (- -).
a dear day with high radiation, the lower leaves ('Lower'
in Fig. 1) photosynthesize at a much lower rate than at
light saturation. Leaves in the middle of the canopy
('Middle' in Fig. 1) photosynthesize somewhat below
the rate at light saturation and only top leaves ('Top')
photosynthesize at their maximum rates. Figure 2
includes the effect of the daily course of radiation and
shows that a doubling of [CO2] has a strong positive
effect on the photosynthesis at the top of the canopy, but
only a small effect at the lowest level. This implies that
a doubling of ICO2] results in much less than a doubling
of the daily total photosynthesis. From the relations in
Figs 1 and 2 it was calculated that, generally for C3 plants
after canopy closure, a doubling of [CO2] increases AMAX
by about 125%, maximum rate of crop photosynthesis by
45-65% (due to light extinction) and total daily crop
photosynthesis by about 40% (due to the diumal course
of the sun). The latter value is not very sensitive to the
absolute height of the original AMAX response (125%
or 70%, see above), because an important part of leaf
photosynthesis in crops takes place in the ascending (not
light saturated) parts of the curves of Fig. 1, which are
more sensitive to the (low) response of EFF than to the
response of AMAX.
Each day the model calculates the gross photosynthesis
as described above, using the actual values of radiation
and temperature and the calculated value of the Leaf
Area Index (LAI) of the previous day. Part of the produced
photosynthate is used for the maintenance respiration of
the standing crop (Fig. 3)(Spitters et ai 1989; Penning de
Vries et ai 1989). The remainder is allocated to the
various organs and this process is controlled by the
developmental stage of the crop (cf. Van Heemst 1986).
Rate of development and respiration increase with
Temperature-; Ljght CO2-Concentration
AMAX- i
EFF '
LAI 1 1
Crop gross
photosynthesis
Fig. 3 Schematic representation of crop growth. Dotted lines
indicate information lines.
increasing air temperature, in the same way for normal
and doubled [CO2], which implies no temperature-CO2
interaction. In the organs (roots, stems, seeds, leaves), the
photosynthate is converted into structural dry matter,
using an amount of energy ('growth respiration') which
depends on the specific chemical composition of the
various plant parts (Vertregt & Penning de Vries 1987).
The organs are treated as a 'bulk' in the models, which
implies that the dynamics of organ numbers are not
simulated. Consequently, a more detailed comparison of
measured and simulated yield components (such as
number of ears (or stems), grains per ear (or per stem)
and mean grain weight) are fundamentally impossible.
The LAI is calculated from the dry matter growth of the
leaves and their specific weight. The LAI is used for the
calculation of the light interception of the next day,
closing the simulation loop (Fig. 3).
Results
Measured CO2 responses of biomass, yields and
CCERmax
In the experiments, a doubling of [CO2I significantly
(P < 0.01) increased total above-ground biomass (Table
1). The measured biomass increase for faba bean in 1992
(+ 58%) was higher than for spring wheat in 1991 (+ 35%)
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Table 1 Simulated and measured above-ground biomass (t ha'') and seed yields (t ha"') for spring wheat, faba bean and winter
wheat, grown under COj concentrations of 350 nmol mol"' (control) and 700 nmol mol-' (C700). The average CO2 response (7o-
increase) and the response range over the individual years (increase range) is presented as a percentage (C700/Control - 1)' 100%
Spring wheat
Control
C700
%-increase
increase range
Faba bean
Control
C700
%-increase
increase range
VN%iter wheat
Control
C700
%-increase
increase range
Above-ground
Simulated
(1975-88)
18.5
26.2
41
35-50
(1975-«8)
12.6
19.1
52
47-56
(1993) •
25.2
33.9
34
—
biomass
Measured
(1991)
13.0
17.5
35
-
(1992)
13.5
21.3
58
-
(1993)
21.8
25.9
19
-
Seed yield
Simulated
(1975-^)
11
11.0
42
40^
(1975-88)
6.1
9.0
48
42-53
(1993) •
8.9
11.3
27
-
Measured
(1991)
4.4
5^
34
-
(1992)
5.6
83
51
-
(1993)
83
103
24
-
The winter wheat simulations were included later, and only for further exploraHon (see text); therefore, the simulations for 1975-88
were not yet carried out.
and winter wheat in 1993 (+ 19%); the interaction between
[CO2] and crop type was significant at P < 0.01. For
yield a similar conclusion was drawn (+ 51% for faba
bean, + 34% for spring wheat, + 24% for winter
wheat)(Table 1). The yield increase for wheat consisted
of a higher number of ear-bearing tillers and number of
seeds per ear. For faba bean, the number of stems and
the number of pods per stem equally contributed to
the increased yield under elevated CO; concentration.
Elevated [CO2I increased CCERmax throughout the entire
season. A difference between the crop types was found
when CCERinax at elevated [CO2] was plotted against
CCERmax at ambient [CO2] (Fig. 4a). Averaged over the
complete growing season, spring wheat showed a 51%
sHmulaHon of CCERmax by [COJ and faba bean showed
a stimulation of 71%. For both crops, the CO2 response
hardly changed during the season (Fig. 4b); for spring
wheat there was only an increased response during the
last two weeks of growth. The data for winter wheat
could not yet be shown as they are being processed, but
a preliminary analysis indicated that for this crop the
stimulation of CCERmax increased from 0 to 30% in the
course of the season. It was concluded that the CO2
response of biomass, seed yield and CCERmax differed
between the crop types. Whether this was caused by a
physiological difference between the crop types, or was
due to differences in weather conditions between the
growing seasons could not be derived from the experi-
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mental data. A further analysis with the aid of the
simulations was made to compare various alternatives.
Simulation studies on the possible causes of the
differential effect of the CO2 response
Simulation studies jbr 1975-88 In the simulation studies
for 1975-88, a doubling of [CO2] resulted in a 40-
60% increase of above ground biomass and seed yield,
calculated at crop maturity (Table 1). The averaged simu-
lated increases for faba bean (biomass + 52%, seed yield
+ 48%) were higher than for spring wheat (biomass
+ 41%, seed yield + 42%), which agreed with the
experiments.
Simulated and measured CCERmax In the simulations, the
difference in CO2 response between faba bean and spring
wheat could not be explained by a difference in the
CO2 response of the maximum photosynthetic rate of
individual leaves (AMAX); in both crops, AMAX was taken
to be doubled. In the experiments, AMAX was not
measured but measurements of maximum rates of crop
photosynthesis (CCERmax) were available for a further
comparison. When the simulated CCERmax values from
the period with a closed canopy were plotted against
light flux, both crops showed a CO2 response varying
from 45% at low light flux to 65% at high light flux. This
agreed with the measured CO; response for both faba422 C. GRASHOFF et al
CCERmax at C700 (^mol m'^ s"'
100
CCERmax ratio C700/C350
5
60 90 120 150 ISO 210 240 0 20 40
CCERmax at C350 (^imol
CCERmax ratio C700/C350
2.5
1
0.5
spring wheat
faba bean
100 200 300
PAR (W m-2)
400 500
Fig. 4 Maximum Canopy CO2 Exchange
Rate (CCERmax) of two crops, both
grown under the ambient CO2
concentration of 350 ^mol moi"' (C350)
and at a doubled CO2 concentration of
700 timol mol-' (C700). Closed symbols:
spring wheat; open symbols: faba bean,
(a) CCERmax at C700 vs. CCERmax at
C350, with separate regression lines for
spring wheat (dotted) and faba bean
(continuous); (b) CCERmax raHo (C700/
C350) during the growing season.
Fig. 5 Response of the Maximum
Canopy CO; Exchange Rate (CCERmax
ratio C700/C350) to a doubling of [COJ,
plotted vs. light flux ('radiation') during
the period of a closed canopy. Values
presented as a ratio: (i.e. CCERmax
(jimoi m'^s"') under a CO2 concentration
of 700 (imol mol-' (C700), divided by
CCERmax under the ambient 002
concentration of 350 jimol mor'(C350).
Symbols: measured values for spring
wheat (open) and faba bean (closed);
straight line: simulated values.
Table 2 Simulated biomass at a CO2 concentration of 700 |lmol mol ' and CO2 response (%-increase) on above-ground biomass for
spring wheat and faba bean (1975-88) with early and late dates of emergence (day of year).
Emergence
90 (normal for spring wheat)
120 (normal for faba bean)
Spring wheat
Biomass
26.2
21.6
%-increase
41
52
Faba bean
Biomass
20.9
19.1
%-increase
46
52
bean and spring wheat plotted against radiation (Fig. 5).
However, both in the simulations and in the experiments,
ihe relation between radiation and CCERmax provided
no clear explanation for the different CO2 respor\ses.
The effect of date of emergence Further simulations showed
that for both crops the effect of a doubling of (CO2] on final
above-ground biomass increased with later emergence
(Table 2). IXie to a combination of sowing advice and
germination properties, in common agricultural practice
the average emergence date of faba bean (used in Table
1) is almost a month later than for the spring wheat crop.
As an extra test, a simulation run was therefore made
with the spring wheat model using a start of growth on
1 January 1993. This enabled us to test the effect of
temperature and radiation conditions which are common
for winter wheat. Therefore, we called it a 'winter wheat
look-alike', although we realise that it is a strong over-
simplification. The CO2 response of this 'winter wheat
look-alike' simulation (34%) was indeed lower, due to
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lower radiation and temperatures, than for the standard
spring wheat (41%) (Table 1). This trend agreed with the
experiments, although the measured resporxse for a real
winter wheat crop (19%) was even much lower. It was
concluded that part of the difference in CO2 response
between the three crops may be due to the fact that they
differ in the date on which they usually start their growth.
A growth start early in the season coincides, in general,
with lower temperatures and radiation.
Simulations with the weather data of 1991 and 1992 The
effect of low temperature and radiation on the CO2
response was further illustrated with simulations concen-
trating on the experimental years 1991 and 1992. A
thorough comparison between simulations and experi-
ments cannot only concentrate on final yield results,
but should start with comparisons of phenology and,
especially, concentrate on the course of light interception,
LAI and dry matter accumulation in the season. In our
situation this was hardly possible, because the latter
values could not be measured in the Rhizolab enclosures,
but, besides final yield results, some phenological data
were available for comparison. In contrast with common
agricultural practice, the sowing and emergence dates of
the rhizolab experiment with spring wheat in 1991 hardly
differed from those for faba bean in 1992. Accidentally,
and interestingly enough for the analysis, radiation and
temperature in the spring and early summer of 1991 were
much lower than normal, while those values in 1992
were higher than normal (Figs 6a and 6b). The simulated
dates of flowering and maturity corresponded reasonably
well to the measured dates, although the simulated dates
were about 10 days too late for spring wheat; for faba
bean, the important point of flowering was simulated
only 4 days too late, but maturity was simulated 18 days
too early (Table 3). This may be due to the fact that the
actual final harvest date was delayed by secondary
growth of faba bean stems in the enclosures with high
[CO2] (J. Groenwold, personal comm). For a further
analysis, it is more important that in the simulations/or
both crops, the phenological development in 1991 was
much slower than in 1992. This was caused by the
lower temperatures in 1991, because in the simulations
temperature is the only environmental factor which
affects development rate. The simulated biomasses and
yields for spring wheat were higher than the measured
values; in fact the latter were lower than is normal for a
good spring wheat crop, probably because of the infection
with nematodes. The simulated biomasses and yields for
faba bean agreed with the measured values. Moreover,
the simulations showed a smaller CO2 response in 1991
than in 1992 for both crops (Table 3), although the effect
for faba bean was smaller than for spring wheat. This
indicated that the lower CO2 response in 1991 may have
been caused by the lower radiation and/or temperature
in the spring of 1991.
What may have caused the difference in the CO2 response:
radiation or temperature? Finally, we analysed if the above
difference in the CO2 response was caused by low
radiation or by low temperature. Two weather data sets
were compiled; one with the (lower) 1991 temperature
data and the 1992 radiation data, combined on a per day
basis, and one with the 1992 temperature data and the
(lower) 1991 radiation data. Simulation runs were made
with these 'new' weather Hies. The results are given in
Table 4. Replacing the high radiation levels of 1992 by
the low levels of 1991 (1992R'91) had hardly any effect
on the magnitude of the CO2 response. When the high
temperatures of 1992 were replaced by the lower ones
from 1991 (1992T'91) a large reduction in CO2 response
was observed jfer both crop types. From this analysis it was
concluded that the difference in CO2 response may have
been primarily caused by differences in air temperature
between the years and not by the differences in radiation.
Discussion
The simulated 35-60% increase of total above-ground
biomass production due to a doubling of [CO2] agrees
with simulation results of Jansen (1990) with rice in Asia,
Nonhebel (1993b) with wheat at various locations in
Europe and Grashoff et ai (1994) with faba bean in the
Netherlands, Israel and Syria. The CO2 response predicted
with these model studies, which previously was only
validated by climate chamber and greenhouse results, is
now supported by the effects measured in a field-like
crop, grown under a continuously doubled CO2 concen-
tration (Tables 1 and 3). This shows that simulation
modelling is a valuable tool for the assessments of the
effects of CO2 on future crop biomass increase. For faba
bean, the simulations agreed with the experimental results
but for the two wheat types the measured yields were
lower. For spring wheat this might be due to the nematode
infection; the simulated results for winter wheat were
only a first exploration. For all crop types, the simulated
relative responses to change in [CO2] agreed with those
measured, not only at the level of final biomass and seed
yield, but also on the level of daily crop photosynthesis.
Both in simulations and experiments, CCERmax
increased by 45-65% (Fig. 5); in the models this was caused
by an increase of AMAX by about 125% due to a doubling
of [CO2] and a 15% increase of EFF (Figs 1 and 2). Such
an increase of AMAX following a doubling of [CO2] is
not often found in literature and a maximum increase of
70% may be more realistic (Farquhar et ai 1980). Cure &
Acock (1986) reported an average stimulation of 52%
shortly after a doubling of [CO2], while Kimball (1983)
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1991
1992
dimale
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Radiation MJ
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Day of year
Fig. 6 Daily weather data for 1991 and
1992, presented in combination with the
normal values (30-year average) of the
Dutch climate ('climate'), (a) Mean air
temperature; (b) Total radiation.
Table 3 Simulated and measured dates of flowering (day of year) and maturity (day of year), seed yield (t ha"^) and above-ground
biomass (t ha"') for spring wheat and faba bean, grown under CO2 concentrations of 350 (lmol mor' (control) and 700 (imol moi"'
(C700) in 1991 and 1992. The average CO2 response (%-increase) is presented as a percentage (C700/Control - 1)* 100%
Flowering
Maturity
Seed yield
Biomass
Control
C700
Control
C700
Control
C70O
%-increase
Control
C700
%-increase
Spring wheat
Measured
(1992)
183
183
238
238
4A
34
13.0
17.5
35
Simulated
(1991)
194
194
246
246
7.3
10.3
41
16.5
23.3
41
Simulated
(1992)
173
173
223
223
5.9
9.1
56
13.6
21.1
55
Faba bean
Simulated
(1991)
161
161
251
251
5.9
8.7
47
12.8
19.1
49
Simulated
(1992)
151
151
232
232
6.1
9.1
50
12.7
55
Measured
(1992)
U7
147
250
250
5.6
8.5
51
13.5
21.3
58
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Table 4 Simulated above-ground biomass (t ha"') under the
present CO; concentration (Control) and for a CO2 concentration
of 700 ^mo^ mol"' (C700) and the response to high [CO;]
expressed as a percentage (%-increase) for: 1991, for 1992 with
only the temperature data of 1991 (1992 T'91), for 1992 with
only the radiation data of 1991 (1992 R'91), and for 1992.
Spring wheat
1991
1992 T'91
1992 R'91
1992
Faba bean
1991
1992 T'91
1992 R'91
1992
Control
16.5
18.5
10.3
13.6
12.8
13.6
11.2
12.7
C700
23.3
26.1
16.1
21.1
19.1
19.8
17.7
19.7
%-increase
41
41
56
55
49
46
58
55
reported a 66% increase for 'typical' C3 species. On the
other hand, Rozema (1993) found a doubled AMAX after
a doubling of [COj]. A similar stimulation was found for
faba bean in a greenhouse (P. Dijkstra, unpublished)
and soybean (Clough et al. 1981). The small increments
recorded in some pot experiments may be due to other
limitations, for instance nitrogen (Wong 1979), which
reduce the effect of [CO2] increase on AMAX. Despite
these big variations in reported AMAX-responses, it has
already been argued (in the section on model description)
why the responses of CCERmax and daily crop photo-
synthesis may be less sensitive to the absolute response
of AMAX than to the (smaller) response of EFF. This
supports the conclusion that the analysis of CO2 responses
in the following sections is not fundamentally affected
by the question if the absolute response of AMAX is
125%, 70% or even lower.
It is argued that the short term response to CO2
concentration may deviate strongly from the long term
response (Kimball 1983). Baker & Allen (1993) found no
negative feed-back of a long-term [CO2] exposure in soya
bean, but they found a decrease in rice due to a decrease
in RUBISCO activity. Our models did not include negative
feed-back mechanisms of long-term [CO2] exposure such
as thicker leaves resulting in a later canopy closure, or
leaves with decreased photosynthetic rates after pro-
longed exposure to high [CO2] (Wong 1979; Rowland-
Bamford et ai 1991; Stitt 1991). The overall crop response,
both in the experiments and derived from the simulation
results, was approximately constant in time. This sug-
gested that negative long-term effects were not important
or that they were compensated for or hidden at the
canopy level. It may not be necessary to include these
negative feed-backs in further assessments of the effect
© 1995 Blackwell Science Ltd., Global CImnge Biology, 1, 417-428
of [CO2] increase, at least not for cereals and leguminous
crops under optimum nutrient supply.
Our simulations indicate that the difference in CO2
response between spring wheat, winter wheat and faba
bean is not per se based on a fundamental physiological
difference between those crop types. It was shown that
the smaller CO2 response of spring wheat in comparison
with faba bean may be due to lower temperatures,
generally as a result of early sowing (Table 2). Further-
more, the simulations of Table 4 showed that the lower
response of spring wheat may have been due to the
lower temperatures in the spring of 1991 and not to the
lower radiaHon. The importance of temperature was
supported by the results for winter wheat, which is ready
for re-growth very early in the season, under very low
temperature conditions: both in the 1993 experiment and
in the simulated 'winter wheat look-alike' using a start
of re-growth on 1 January (Table 1), this crop type actually
showed the lowest CO2 response.
At least three mechanisms may be responsible for the
temperature effect on the [CO2I response. First, the CO2
response at a crop level may steadily decrease during a
longer growing season as caused by lower temperatures.
This 'Temperature/dilution effect' needs a further explana-
tion which will be presented below. Second, temperature
may affect CO2 response via the dynamics of leaf expan-
sion. This 'Temperature/leaf expansion effect' is also related
to properties of crop growth (see below). Third, temper-
atures may directly affect the CO2 response of CCERmax
and CCER. However, although this 'Temperature/leaf photo-
synthesis effect' seems the most straightforward mecha-
nism, the following analysis shows that it is certainly not
the only possible cause.
The 'Temperature/dilution effect' is explainable by ana-
lysis of the course of the CO2 response of a crop during
the season. As measurements of intermittent harvests
were not available, this was analysed with the aid of the
simulation approach. Before starting a detailed analysis,
it is important to emphasise, that in the FABEAN model
no direct interactions between temperature and the
relative CO2 response were included (see section on
model description). Secondly, in FABEAN, the Specific
Leaf Area (SLA) is not affected by [CO2] increase, which
was confirmed by our experimental results (data not
shown) and experiments with soya bean (Lieth et ai
1986). Therefore, during the phase of exponential growth
(before the canopy is closed) the increase of total daily
photosynthesis due to double [CO2J has a positive feed-
back on leaf area growth and thus on biomass increase
(cf. Gifford & Morison 1993). The simulations show that,
due to this feed-back, the standing biomass of the high
[CO2] crop at the end of its exponential phase can be up
to a factor 2.8 higher than the biomass of the low [CO2]
crop, which means a [CO2] response of 180% at that426 C. GRASHOFF et ai
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Fig. 7 Simulated response of cumulative biomass (Biomass ratio
C700/C350) to a doubling of [CO2], plotted vs. time, for a
season with low temperatures (1991) and a season with higher
temperatures (1992). Values presented as a ratio: (i.e. the biomass
(kg/ha) of a crop growing under a CO2 concentration of 700 nmol
mol"' (C700), divided by the biomass of a crop growing under
the ambient CO2 concentration of 350 [.unol mol"' (C350). (a)
faba bean; (b) spring wheat
moment (Fig. 7). After canopy closure, the difference in
daily biomass increase is only about 40% (as argued
before) and during this period the CO2 response on
simulated cumulative biomass will steadily decrease, from
180% to an 'asymptote' of 40%. As lower temperatures
(like in 1991) extend the length of the growing period
(Penning de Vries et ai 1989), it is clear that this decrease
is continued longer and the value of 40% is almost
reached at the end of the growing season. Due to the
higher temperatures of 1992, crops matured earlier and
the CO2 response curve of cumulative biomass finished
at higher values than 40% at the end of the growing
season (Fig. 7a). This 'temperature/dilution effect' also
explains the higher CO2 response with later sowing (or
emergence) dates within one season (Fig. 8). With later
emergence, the mean temperatures experienced by the
crop are higher and the growing season is shorter. Figure
biomass ratio C700A:350
3
2.5-
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wn. 90
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Fig. 8 Response of cumulative biomass (Biomass ratio C700/
C350) to a doubling of [CO2], plotted vs. time, for four faba
bean simulations with increasing emergence dates in 1991.
Values presented as a ratio: (i.e. the cumulative biomass (kg/
ha) of a crop growing under a CO; concentration of 700 ^mol
mol"' (C700), divided by the cumulative biomass of a crop
growing under the ambient CO; concentration of 350 jimol
moI"HC350).
8 shows that with a shorter season, the curves of the
relative CO2 response of cumulative biomass finish at
higher values at the end of the growing season. The
temperature/dilution effect is a typical example of a
somewhat unexpected, but interesting interaction effect
occurring from a simulation approach and points to the
fact that future validation experiments with normal and
elevated [CO2] should include intermittent harvesting
and information about the course of leaf area index and/
or light interception during a season. It is expected that
in the wheat crop types, the temperature/dilution effect
is also working, but in combination with the following
two effects.
In spring wheat, at least the second 'Temperature/leaf
expansion effect' is also working. Although a further
analysis is needed, a first explanation can be provided.
In this crop, leaf area growth during the first growth
phase is strongly limited by temperature itself (Spitters
et al. 1989), which is included in the wheat model. This
means that with lower temperatures (1991) the real
exponential growth starts later in the season. The related
'peak' of the relative COj response curve (due to the
positive feed back on leaf area during exponential growth)
is shifted towards a later date and remains lower, which
consequently determines the lower final CO2 response in
that year (Fig. 7b).
The 'Temperature/leaf photosynthesis effect' is based on
the fact that low temperatures result in a smaller CO2
response of EFF and AMAX and consequently of CCER-
max and CCER. As shown in the model description for
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spring wheat, the reduction in the CO2 response is
stronger with lower temperatures (cf. Long 1991) which
indicates that this effect is important for spring wheat
and even more for winter wheat. For winter wheat
the preliminary experimental results indicated that the
response of crop photosynthesis to elevated [CO2] was
absent during autumn and winter. The CO2 response
became only clear after the end of April.
The above analyses showed how models, including a
synthesis of the most important physiological processes
of crop growth, can be a valuable tool to explore the
possible effects of environmental changes such as increase
of [CO2] on crop growth and yields. Moreover, the first
phase was shown of a research approach which can
be called a 'discussion cycle between experiments and
models'; models adequately analysed the possible causes
of observed differences in experimental results and
helped to articulate the most promising hypotheses for
new experimental work. The experimental results can be
used for a further model evaluation, etc. Our work
supports this research approach by the following
arguments. We indicated, by model evaluation, that the
measured difference in the response to a doubling of
[CO2] between crops can, at least partly, be explained by
a difference in timing of the growing season, which
resulted in exposure to different weather conditions.
Especially temperature may be a differential factor for
the CO2 response, at least via the three mechanisms
mentioned above. The first next step should be a further
and in-depth model analysis of the existing rhizoiab data
bases for the relative importance of (at least) these three
temperature effects in various crop types, and including
detailed measurements on photosynthesis, respiration
and water use efficiency. This should also answer the
question why the measured response of winter wheat
was even lower than the simulated response. Further-
more, this may elucidate why the measured seasonal
average of the CO2 response of CCERmax was higher in
spring wheat than in faba bean. Last but not least, it
may clarify why the simulated differences in final CO2
response between 1991 and 1992 are 14% for spring wheat
and only 6% for faba bean (compare Fig. 7b with Fig. 7a).
A possible answer might be that we need to include the
Temperature/photosynthesis effect in FABEAN in the same
way as it was included in the spring wheat model.
Then, new experiments should focus on the course of
the CO2 response during a growing season, for various
crop types and under different temperature regimes.
Especially the validation of the temperature/dilution
effect and the temperature/leaf expansion effect needs
intermittent harvesting, and larger enclosure facilities or
a high number of relatively small Open Top Chambers
may be needed to do so. In this new research, phenology,
and more specifically differences in development rate
between crop types and/or species and the interference
with weather conditions may be a crucial factor for the
understanding of the variability in respor\se of crops and
other ecosystems to elevated [CO2], which requires more
attention.
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